A new experimental technique for genome-wide detection of integration sites of polymorphic retroelements (REs) is described. The technique allows one to reveal the absence of a retroelement in an individual genome provided that this retroelement is present in at least one of several other genomes under comparison. Since quite a number of genomes are compared simultaneously, the search for polymorphic REs insertions is very efficient. The technique includes two whole-genome selective PCR amplifications of sequences flanking REs: one for a particular genome and another one for a mixture of ten different genomes. A subsequent subtractive hybridization of the obtained amplicons with DNA of a particular genome as driver results in isolation of polymorphic insertions. The technique was successfully applied for identification of 41 new polymorphic human Alu Ya5/Ya8 insertions. Among them, 18 individual Alu elements first sequenced in this work were not found in the available human genome databases. This result suggests that significant part of polymorphic REs were not identified during genome sequencing and remain to be detected and characterized. The proposed method does not depend on preliminary knowledge of evolutionary history of retroelements and can be applied for identification of insertion/deletion polymorphic markers in genomes of different species.
INTRODUCTION
Retroelements (REs) are known to comprise a significant portion of the human genome and might have a serious impact on genome functioning and evolution (1, 2) . Of special interest for human genome studies are recently integrated and polymorphic REs.
Polymorphic REs offer considerable advantages over other types of polymorphisms. In particular, they are stable, and although it can be assumed that preexisting REs might be excised from the genome, no experimental evidence is presently known in favor of this assumption. Therefore, the presence of an RE represents identity by descent, whereas the ancestral state of the RE insertion polymorphism is known to be the absence of the RE. Thus, identification of young, recently integrated and polymorphic REs is of considerable interest for deeper understanding of primate genome evolution and relationships of various human populations, as well as for the development of new powerful tools for gene mapping. Several groups of authors described quite a number of polymorphic and human-specific Alu, L1 and HERV-K integrations (3) (4) (5) (6) (7) (8) (9) (10) (11) . However, no comprehensive experimental genome-wide search for polymorphic RE insertions was done so far, though bioinformatic screening of genomic databases for Alu and L1 was performed (4, 6, 10, 12, 13) . A rationale for the authors' approach was that small subsets of both Alu and L1 families amplified within the genome during recent evolutionary time (4-5 Mya) may be not fixed and may therefore display considerable polymorphism in human population. Indeed, Alu retroposition activity in human was increased some time after the divergence of the human and chimpanzee lineages, mostly due to the two most recently formed human Alu subfamilies, Alu Ya5 and Alu Yb8. The latest estimates of these subfamilies' ages assign their amplification to a period between 2.5 and 3.5 Mya (4, 6, 14) . Therefore, a computer search for recently integrated REs in the human genomic DNA sequence databases could provide candidate polymorphic retroelement integrations. This technique was applied to the identification of recently integrated Alu family members (4) . As a result, 2640 and 1852 *To whom correspondence should be addressed. Tel: +7 095 3306329; Fax: +7 095 3306538; Email: imam@humgen.siobc.ras.ru ª The Author 2005. Published by Oxford University Press. All rights reserved.
The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org representatives of the youngest Ya5 and Yb8 groups of Alu, respectively, were identified in the human genome draft sequence. An experimental analysis of 475 of these elements revealed that although over 99% of them were restricted to the human genome, only 106 investigated Alu inserts were polymorphic in the genomes of various human populations. Similar analysis was also performed for 262 representatives of the evolutionarily young L1Hs Ta family and authors found that 115 of them were polymorphic in humans (9,10): 29% and 69% of the loci that contained inserts of Ta-0 and the evolutionarily youngest Ta-1 subfamilies, respectively, were found to be polymorphic. Although RE polymorphisms are widely used for studies of human genome variability, most recently published data demonstrate that many polymorphic RE integrations are lacking from the available human genome databases (15, 16) . Apparently, the computer searches should be accompanied by experimental checking of which of the REs identified are indeed polymorphic. In addition, many polymorphic insertions can be absent from the available human genome sequence since not only it contains gaps but it also represents only a few haplotypes taken for sequencing just by chance. Moreover, the computer search is impossible for nonsequenced genomes, in particular those of primates other than human. Unfortunately, known experimental techniques did not permit to make genome-wide analyses, although some approaches were successfully applied to detecting polymorphic retroelements (15) (16) (17) (18) .
In this report, we describe a general approach to experimental identification of polymorphic REs in the human genome without any preliminary knowledge of the genome sequences. Using this approach, we identified 41 new polymorphic Alu insertions, 18 of which were not found in the published versions of the human genome sequence, therefore being undetectable by computer search.
MATERIALS AND METHODS

DNA samples
Human DNA samples were isolated from peripheral blood lymphocytes by standard phenol/chloroform extraction and ethanol precipitation. DNA sampling from East European and Asian populations has been described elsewhere (19) . The samples kindly provided by Dr E. Khusnutdinova (Institute of Biochemistry and Genetics, Ufa Research Center, Russian Academy of Sciences, Ufa, 450054 Bashkortostan, Russia) represented DNAs of 11 individuals of various ethnic origin including Chuvash, Tabasaran, Tatar, Mari, Belorussian, Nogay, Lezgin, Uzbek, Kazakh and Russian. A mixture of their DNAs was used as tracer DNA, whereas driver DNA was prepared from an Andi (Northeast branch of the North Caucasian family) male individual DNA sample.
Three genomic DNA samples isolated from placentas were used for optimization of PCR conditions.
Preparation of driver DNA
Andi genomic DNA (500 ng) was digested with 20 U of RsaI endonuclease (Fermentas) in 50 ml of 1· restriction buffer Y+Tango (Fermentas) at 37 C for 2 h. The digested DNA was then purified by phenol/chloroform extraction, ethanol precipitated, dissolved in 10 ml of sterile water and ligated to an excess of the adapter (15 mM) at 16 C overnight using T4 DNA ligase (Promega). To form the adapter, 150 mM A1A2 and a12 oligonucleotides ( 0 end of Alu repeats. The PCR products obtained were purified by phenol/chloroform extraction, ethanol precipitated and dissolved in 100 ml of sterile water.
To remove A2-originated termini (residual adapter fragments), 3.75 mg of the purified PCR product was digested with 20 U of RsaI endonuclease (Fermentas) in 200 ml of 1· restriction buffer Y+Tango (Fermentas) at 37 C for 2 h. This last stage is crucial for avoiding cross-hybridization.
Preparation of tracer DNA
Chuvash, Tabasaran, Tatar, Mari, Belorussian, Nogay, Lezgin, Uzbek, Kazakh and Russian human genomic DNAs (100 ng each) were mixed and digested with 40 U of RsaI endonuclease (Fermentas) in 100 ml of 1· restriction buffer Y+Tango (Fermentas) at 37 C for 2 h. The digested DNA was then purified by phenol/chloroform extraction, ethanol precipitated, dissolved in 10 ml of sterile water, ligated to an excess of A1A2/a12 adapter, and two-round PCR amplified as described A1A2  TGTAGCGTGAAGACGACAGAAAGGGCGTGGTGCG-GAGGGCGGT  A1  TGTAGCGTGAAGACGACAGAA  A2  AGGGCGTGGTGCGGAGGGCGGT  a12  ACCGCCCTCC  A3A4  AGCAGCGAACTCAGTACAACAAGTCGACGCGTGC-CCGGGCTGGT  A3  AGCAGCGAACTCAGTACAACA  A4  AGTCGACGCGTGCCCGGGCTGGT  a34  ACCAGCCC  A5A6  GTAATACGACTCACTGGAGGGCGAGCGTGGTCGC-CGCCGAGGTG  A5  GTAATACGACTCACTGGAGGGC  A6  GAGCGTGGTCGCCGCCGAGGTG  a56  CACCTCGGC  T1  TCACCGTTTTAGCCGGGA  T2  GTGAGCCACCGCGCCCGG for driver DNA preparation. Prior to the PCR reaction, 60 pmol of oligonucleotide T2 was 5 0 phosphorylated in 10 ml of 1· PNK Buffer A (Fermentas), containing 1 mM ATP and 10 U of T4 Polynucleotide Kinase (Fermentas). The PCR product was then purified by phenol/chloroform extraction, ethanol precipitated and dissolved in 100 ml of sterile water.
The purified PCR product (900 ng) was digested with RsaI endonuclease as described for driver DNA to remove A2-originated termini, and purified by passing through a QIAquick PCR Purification Kit. To remove protruding dA at 3 0 ends added by AdvanTaq DNA Polymerase, the restricted DNA fragments were treated with Klenow fragment of DNA polymerase I (Fermentas) for 15 min at room temperature in 10 ml of 1· Klenow buffer (Fermentas) and additionally incubated for 15 min in the presence of 125 mM each of dNTPs. Klenow fragment was inactivated by heating at 70 C for 10 min. A 125 ng aliquots of the resulting DNA were ligated to adapters A3A4/a34 (1.7 mM) or A5A6/a56 to form the tracer A and tracer B portions, respectively.
Subtractive hybridization
Tracer A and B samples (16 ng each) were separately mixed with 900 ng of the RsaI digested driver DNA. DNA samples were purified by phenol/chloroform extraction, precipitated with ethanol and dissolved in 2.5 ml of hybridization buffer (0.5 M NaCl, 50 mM HEPES, pH 8.3, 0.2 mM EDTA). A sample of 1800 ng of the driver DNA was also purified, precipitated and dissolved in 5 ml of hybridization buffer.
The tracer A/driver and tracer B/driver samples were denatured at 96 C for 5 min and hybridized separately at 68 C for 3 h to remove the most abundant Alu flanks from each of the two tracer DNA portions. Then 5 ml of driver DNA was denatured at 96 C for 5 min, incubated at 68 C for 5 min, and mixed first with the tracer A/driver and then with the tracer B/driver samples. The resulting mixture was incubated at 68 C overnight and diluted with 100 ml dilution buffer (50 mM NaCl, 5 mM HEPES, pH 8.3, 0.2 mM EDTA). An aliquot of 1 ml of this diluted mixture was pre-incubated at 72 C for 3 min (to fill in the ends of DNA duplexes by AdvanTaq DNA Polymerase) and then PCR amplified with 0.4 mM each of A3 and A5 primers (Table 1) 
Library construction and analysis
The subtracted PCR product obtained was cloned in E.coli DH5a using a TA-cloning system (Promega), and 288 individual clones were arrayed on 96-well microtiter plates. Clones were sequenced by the dye termination method using an ABI Prism 3100-Avant Genetic Analyzer automatic DNA sequencer. Homology searches against GenBank and mapping of the clones were done using the BLAST Web-server at NCBI (http://www.ncbi.nlm.nih.gov/BLAST) and the UCSC Human Genome Browser (http://genome. ucsc.edu/goldenPath/hgTracks.html). The primers to verify Alu insertion polymorphism were designed against human genomic sequences surrounding each of Alu Ya5 or Ya8 integration sites. They were used for genomic PCR with the driver and 10 tracer DNA samples. Alu-containing PCR products for the polymorphic insertions represented in GenBank by only Alu-lacking homologs (see below) were cloned and sequenced. For each individual insertion, the PCR product selected for cloning was obtained by amplification of DNA from individuals homozygous for the Alu-containing allele. Otherwise, DNA of heterozygous individuals was amplified, and the longer PCR product was cloned. The clones were then tested for the length of inserts by PCR with standard M13 For/Rev primers, and the Alu-containing inserts were selected for sequencing.
RESULTS
Outline of the method
The technique is based on subtractive hybridization of wholegenome fractions of sequences flanking retroelement integration sites in the genomes to be compared. Recently, we successfully applied a similar approach to the identification of HERV-K LTR and L1 insertions distinguishing the human and chimpanzee genomes (7, 8, 21) . In contrast to other known techniques, the present research is aimed at the identification of RE insertion polymorphisms in the human genome. The technique was adapted to reveal differences between individual human genomes and used in this study to identify Alu Ya5/Ya8 insertion polymorphisms.
A principal distinction of our approach from that developed for interspecies comparison is that an individual human genome was compared to a mixture of ten other individual genomes. This makes it possible to detect even rare polymorphisms. The approach used includes two principal stages (outlined in Figure 1 ): (i) A whole-genome selective amplification of the flanks adjacent to Alu elements belonging to the young Ya5 and Ya8 branches in all the 11 genomic DNAs under comparison ( Figure 1A) . Ten of the genomes were mixed before the amplification and then used as tracer in the subsequent subtractive hybridization steps. The eleventh genome was amplified separately and then used as driver. For selective amplification, the genomes were first digested with a restriction endonuclease, and the restriction fragments were ligated to a terminal adapter. After this, the fragments with Alu inserts were selectively amplified using a universal primer against a conservative Alu sequence and a primer against the adapter attached. (ii) A subtractive hybridization of the amplicons obtained ( Figure 1B ). This stage takes into account an unequal abundance of various Alu flanking sequences in the mixture of the amplified DNA fragments. This inequality is due to different frequencies of various Alu containing alleles in the human genome. As a result, the number of copies of particular flanks varies in the range from 0 for Alu-lacking loci to 2 n Â (haploid genome equivalents in the initial mixture of the ten genomes), where n is the number of PCR cycles used for the amplification of flanks of those Alu inserts present in the given locus of all the genomes used. This variation is supposed to result in the loss of rare and over-representation of frequent polymorphisms in the final complex amplicon. To avoid this effect, we used an equalizing DNA subtraction approach developed by us for cDNA subtraction (22) and utilized in a subtractive hybridization scheme ( Figure 1B) . The approach equalizes the abundance of various flanks in the mixture in the course of subtraction.
A more detailed description of the experiment is presented below.
Driver and tracer amplicons
The tracer amplicon was derived from a mixture of genomic DNAs isolated from 10 human individuals different in their geographic (Figure 2 ), ethnic and language origin, as described in Materials and Methods. Mixing several genomes increases the probability of finding polymorphic insertions. The driver amplicon was prepared by selective amplification of the genomic DNA from an Andi male. The DNA of male was chosen to avoid enrichment in non-polymorphic Alu repeats located on Y chromosome.
In order to improve the specificity of selective amplification of Alu containing fragments, we used the 'PCR-suppression' effect (PS-effect) (23) . Briefly, it includes digestion of genomic DNAs ( Figure 1A , stage a) with a frequent cutter restriction enzyme (RsaI in this case) and ligation of the DNA fragments to the A1A2 'pan-handle' forming adapter ( Figure 1A , stage b) followed by two steps of selective PCR. This procedure allows to obtain a specific set of genomic sequences flanking REs of interest (Alu in this case). At this stage, a pair of A1 primer specific to the adapter and T1 target primer corresponding to fragments of the Alu Ya5 and Ya8 consensus sequences was used ( Figure 1A , stage c). These fragments included three diagnostic nucleotides of the Alu Y subfamily and two nucleotides characteristic of the Alu Ya5-Ya8 branch. Presumably, this branch includes about 2500 members in the human genome (4, 12) . The fragments obtained in this way contained rather long residual Alu sequences able to cross-hybridize during subtractive hybridization thus affecting the subsequent analysis. To avoid this undesirable effect, the residual sequences were shortened by means of repeated PCR with T2 primer targeted at the utmost 5 0 end of Alu repeats and A2 primer against an internal part of A1A2 adapter ( Figure 1A , stage d), the RsaI restriction site being preserved. Both the driver and tracer amplicons were treated with RsaI endonuclease to remove the remainder of A2 adapter ( Figure 1A , stage e).
e16 (Figure 1B) , the tracer amplicon was divided into two portions ( Figure 1A , stage f ) each of which was ligated to one of two different 'pan-handle' forming adapters (A3A4 or A5A6, respectively). Then, each of the two samples in separate tubes was mixed with an approximately 50-fold excess of the driver DNA, denatured and incubated under hybridization conditions for 3 h ( Figure 1B, stage a) . This stage is an equalizing step during which highly abundant fractions of single-stranded (ss) flanks reassociate at a higher rate than low abundant fractions. As a result, with time the abundances of both the fractions in the ss form become approximately equal. Since the ss fragments also readily reassociate with their driver counterparts, the ss fraction becomes enriched with differential sequences distinguishing driver and tracer DNAs.
After this step, the contents of the two tubes were mixed together and allowed to reassociate ( Figure 1B, stage b) after addition of a new driver portion. Here, only ss and not doublestranded (ds) fragments were capable of reassociation, and only ss fragments from different tubes reassociated with each other to form ds fragments with different termini. All the ds fragments of other origin possessed either two identical termini or one end lacking the adapter. Whereas the fragments with different termini could be further selectively PCR amplified ( Figure 1B, stage d) , PCR of the fragments with identical ends was suppressed due to the formation of pan-handle structures between terminal complementary sequences as illustrated in Figure 1A . Therefore, the resulting amplicon is supposed to be enriched with tracer-specific DNA fragments. We cloned and arrayed the selectively amplified fragments in three 96-well microtiter plates representing a library enriched with polymorphic Alu flanks ( Figure 1B, stage e) .
Analysis of the library
Some 125 randomly selected clones of the library were sequenced. All of them contained A4 and A6 oligo sequences at their ends. Five clones lacked a small (20 nt) 5 0 part of Alu sequences, while the other 120 clones had this sequence adjacent to either A4 or A6 oligo: 12 of these 120 clone inserts were presented by 2 clones each, 5 by 3 clones, 2 by 4 clones and one sequence by 5 clones. Thus, 120 clones represented 88 individual sequences ( Table 2 ).
All these 88 sequences were mapped on the human genome using the NCBI human genome databases and the UCSC Genome Browser. Eleven sequences could not be unambiguously mapped due to their small size, presence of low-diverged repetitive elements or chimeras sequences whose parts are homologous to different genomic loci, and/or extended chromosomal duplications. Other 11 sequences corresponded to the loci of young Alu Yb8 (2 sequences), Alu Yc1 (1 sequence) and Alu Ya5 (8 sequences) described earlier (4, 14, 24, 25) . Five of 8 Alu Ya5 insertions (B65, HS2.25, Ya5NBC203, Ya5NBC327 and Ya5DP71) were previously reported to be polymorphic, and three insertions (HS4.21, Ya5NBC46 and Ya5NBC76) were found to be fixed in human populations ( Table 2) .
The remaining 66 of 88 sequences containing 5 0 portion of Alu corresponded to human genomic loci known to contain Alu insertions or described as not containing any Alu Ya5 or Ya8 insertions. In the contradictory cases, we confirmed the presence of Alu repeats within the identified sites by direct sequencing (see below).
Alu polymorphisms identification
Sixty-four sequences were analyzed to confirm the Alu insertion polymorphism, and two Alu elements appeared to be integrated into clusters of frequent low-divergent repeats that made impossible reliable selective amplification of the corresponding genomic regions. Sixty-four pairs of PCR primers specific to both 5 0 and 3 0 flanking sequences of each Alu were designed and used for PCR assay of the 11 human genomic DNAs used as tracer and driver.
Examples of individual locus-specific PCRs are shown in Figure 3 . A total of 41 Alu repeats were identified as polymorphic, while other 18 were found in all the genomes analyzed. It was technically impossible to unambiguously identify the rest five insertions as polymorphic (additional data are available in Supplementary Material).
Frequencies of Alu positive alleles in various loci of the genomes used as tracer components varied from 1/20 to 18/20 (see Table 3 and Supplementary Material for details). As mentioned above (Table 2) , 18 of 41 polymorphic Alu repeats were not found at the expected positions in the draft human genome sequence. To verify whether the PCR length For polymorphic Alu repeats fraction of Alu-positive haplotypes to the total haplotypes tested for tracer DNA. Driver DNA for polymorphic insertions is always Alu negative. FP (fixed present), all the DNA samples tested were Alu-positive; N/A, PCR products were not detected for driver DNA sample, or the samples were Alu negative, or no specific PCR products detected for driver and tracer DNAs.
polymorphism is actually due to Alu inserts, the corresponding PCR-products were cloned and sequenced (AY736285-AY736302). For 5 of these 18 polymorphic insertions Alu positive alleles were present in only one genome of the complex tracer, and all of them were heterozygous (see Table 3 ). For 2 of these 5 insertions (Ya5-MLS14 and Ya5-MLS20) Alu positive alleles were identified also in other non-tracer human DNA samples, used for optimization of PCR conditions (see Materials and Methods). The remaining three Alu repeats (Ya5-MLS51, Ya5-MLS58 and Ya5-MLS65) can be either polymorphic or represent rare de novo insertions.
DISCUSSION
As mentioned above, RE polymorphisms are very useful markers for human population studies and medical genetics. However, most known RE polymorphisms were predicted by in silico analysis of human genomic sequences. Although this approach has opened a great opportunity for identification of a great number of polymorphic REs, the published human genome sequences probably lack a significant portion of polymorphic RE insertions [also suggested in (15)] because they represent only a few human genomes and do not cover all genetic variations in humans.
We have developed a technique that enables direct experimental isolation of sequences flanking polymorphic RE insertions. The technique allows one to specifically analyze selected subfamilies of certain REs. A high specificity of the technique was confirmed in this study. Here, the technique was used to detect polymorphic insertions of the youngest Alu Ya5 and Ya8 subfamilies' members. Although Ya5 is an abundant Alu subfamily that includes about 2500 members as compared to several tens of Ya8, there are other young subfamilies practically of similar abundance. For example, Yb8 and Yc1 have quite comparable copy numbers (about 2000 and 400-500, respectively). Nevertheless, only 3 (2.5%) of 120 sequenced Alu-containing clones were found to be flanks of Alu repeats other than the members of the Alu Ya branches. The achieved selectivity of amplification thus seems to be very high and close to 97.5%.
The efficiency of the method with regard to detection of polymorphic insertions seems to be also rather high. Only 21 of 120 sequenced clones (17.5%) were flanks of Alu repeats fixed in the populations, which means about 82.5% 'efficiency' of the technique. According to results of the PCR assay, 78 sequenced clones contain genomic fragments adjacent to Alu repeats that are polymorphic. Some of these 78 clones were redundant and corresponded to 46 independent individual sequences. Five of these sequences were flanks of Alu repeats earlier characterized as insertionally polymorphic (for the numbers see Table 2 ). All the remaining 41 identified polymorphic Alu elements belonged to the Alu Ya5 subfamily except one Alu Ya8 element. It is important that 18 (45%) of them originated from Alu containing alleles located in loci known only before our study as Alu-lacking.
The technique permits one to analyze at least 10 different individual DNAs at once (more than the number of completely sequenced genomes available in databases) and identify RE insertions absent from one selected genome and present in at least one of other genomes. The sensitivity of the technique is sufficient to isolate insertions present in only one genome and in a heterozygous state. Since 60-80% of library was represented by polymorphic RE flanks, the use of subtractive hybridization highly increased the efficiency of the subsequent PCR screening. One of major advantages of the technique is the possibility to identify polymorphic Alu repeats not available in human genome databases. The technique allows detecting polymorphisms in wide range of their frequencies in population. Frequencies observed in this study varied in the range of 5-90% (Table 3) .
We have also added some increments to the most recently published (12) quantitative data on the distribution of polymorphic Alu Ya insertions among human chromosomes (Table 4 ). For example, for chromosome 15 we added two new polymorphisms to four reported earlier. Similar increase was found for chromosome 16. It is difficult to precisely estimate the number of polymorphic insertions absent from one certain genome and present in at least one of other 10 genomes. The total number of Alu Ya5 family members was evaluated to be about 2500, and $25% of them are polymorphic in human populations (4, 12) . Thus, the total number of polymorphic Alu repeats that can be found in the human genome databases is about 625. Here, we showed that 45% (18 of 41) of the identified polymorphic Alu insertions were lacking from the human genome databases, so the total number of Alu polymorphic insertions can be estimated as high as over 900 in populations of different origin.
The developed technique can be successfully applied to comprehensive searches for polymorphic Alu insertions of other subfamilies, as well as polymorphisms resulted from retroposition of other retroelements. Other possible Table 4 . Chromosomal distribution of polymorphic Alu Ya5 and Ya8 repeats found in this work compared to the distribution of other polymorphic REs detected by in silico approach applications of the technique are identification of specific RE insertion polymorphisms that distinguish human subpopulations or groups and identification of RE polymorphisms presumably associated with hereditary multigene diseases. Moreover, the technique can be easily adapted for using microarrays and to other advanced high throughput formats. Finally, it should be emphasized that the technique can be also successfully used for searching polymorphic RE insertions in genomes with unknown or partially known sequences, e.g. those of various primate species.
